Background Most obese children show cardiometabolic impairments, such as insulin resistance, dyslipidemia, and hypertension. Yet some obese children retain a normal cardiometabolic profile. The mechanisms underlying this variability remain largely unknown. We examined whether genetic loci associated with increased insulin sensitivity and relatively higher fat storage on the hip than on the waist in adults are associated with a normal cardiometabolic profile despite higher adiposity in children.
Introduction
The prevalence of pediatric overweight and obesity has increased worldwide during the past decades [1] . Most overweight or obese children exhibit cardiometabolic risk factors, such as insulin resistance, impaired glucose tolerance, dyslipidemia, and elevated blood pressure [2] . However, depending on the criteria used, 3-68% of obese children and adolescents have been found to have a cardiometabolic risk profile within normal range, a controversial condition sometimes called "metabolically healthy obesity" [3] . While the clinical usefulness and stability of this condition have been questioned, these observations suggest that the effect of body adiposity on cardiometabolic health may vary among children and adolescents [3] . The mechanisms underlying such differences remain largely unknown.
In adult populations, many genetic variants associated with increased insulin sensitivity [4] and relatively higher fat storage on the hip than on the waist [5] , are related to increased body fatness, yet improved cardiometabolic risk profile. These findings may reflect an enhanced ability to store fat subcutaneously, which may lead to a decreased accumulation of ectopic fat and prevention of lipotoxic effects [6, 7] . While it remains unclear whether such effects are already apparent in childhood, longitudinal studies suggest that some obese children with a favorable metabolic profile may preserve the phenotype into adulthood [8] . This indicates that the underlying mechanisms may be partly shared between children and adults. Identification of genetic variation contributing to the link between adiposity and its complications in children and adolescents is important, as it could shed light on the underlying mechanisms and help distinguishing between the children who are most and least prone to developing cardiometabolic impairments upon weight gain.
Here, we report the results of a meta-analysis of 7391 children and adolescents from Finland, Denmark, and the United Kingdom, showing that genetic predisposition to increased body fat yet improved metabolic profile is observed in both prepubertal and postpubertal children and adolescents, and is associated with higher odds of having normal glucose and lipid concentrations despite obesity.
Materials/subjects and methods

Study populations
The present study includes 2970 adolescents 16-18 years of age from the Avon Longitudinal Study of Parents and Children (ALSPAC) [9] ; 2099 Finnish children and adolescents 3-18 years of age from the Cardiovascular risk in Young Finns Study (YFS) [10] ; 705 Danish overweight or obese children and adolescents aged 3-18 years from The Danish Childhood Obesity Biobank (TDCOB cases) as well as a population-based control sample comprising 361 Danish children and adolescents (TDCOB controls) 6-18 years of age [11] ; 470 Finnish adolescents 14-15 years of age from the Special Turku Coronary Risk Factor Intervention Project (STRIP) [12] ; 460 Finnish children 6-9 years of age from the Physical Activity and Nutrition in Children (PANIC) study [13] ; and 326 Danish children 3 years of age from the Småbørns Kost Og Trivsel I and II (SKOT) studies [14] . We excluded children without genetic data or body mass index (BMI), and children with known history of type 1 diabetes (31 children), type 2 diabetes (2 children), mental or developmental disorders (29 children), or known monogenic forms of obesity (21 children) . We also excluded children with non-European ancestry or with known medication for hypercholesterolemia or hypertension. For twin-pairs, one twin was excluded. All studies were conducted in accordance with the principles of the Declaration of Helsinki and were accepted by the local research ethic committees. A written informed consent was obtained from all parents/children in all studies. Details of the participating studies are provided in Supplementary Material.
Measurements of body size and composition, cardiometabolic risk factors, and puberty status
Body height and body weight were measured in all studies, and BMI was calculated as body weight (kg) divided by height squared (m 2 ). BMI-SDS was calculated according to Finnish (PANIC, STRIP, and YFS) [15] , Danish (SKOT, TDCOB cases, and TDCOB controls) [16] , and UK (ALSPAC) [17] national reference values. Waist circumference was measured at mid-distance between the bottom of the rib cage and the top of the iliac crest. Hip circumference was measured at the level of the greater trochanters. Body fat mass, body lean mass, and body fat percentage were measured using bio impedance analysis (STRIP and SKOT) or dual-energy X-ray absorptiometry (PANIC, ALSPAC, and TDCOB). Blood pressure was measured manually using calibrated sphygmomanometers (PANIC and YFS) or an oscillometric device (ALSPAC, TDCOB, STRIP, and SKOT). Blood samples were taken after overnight fast in ALSPAC, YFS, TDCOB, STRIP, and PANIC studies and after >2 h fasting in SKOT. Plasma glucose was measured using the hexokinase method. Serum insulin was analyzed by an ultrasensitive ELISA automated microparticle enzyme immunoassay in the ALSPAC study, a coated charcoal immunoassay in the YFS study, an electrochemiluminescent immunoassay in the TDCOB and PANIC studies, a microparticle enzyme immunoassay in the STRIP study, and by a chemiluminescent immunometric assay in the SKOT study. Triglycerides, total, LDL, and HDL cholesterol were measured enzymatically. Overweight and obesity were defined using the age and sex-specific BMI cutoffs of the International Obesity Task Force (IOTF) [18] . In YFS, TDCOB cases, STRIP, and PANIC, the research physician or study nurse assessed pubertal status using the 5-stage criteria described by Tanner [19, 20] . In TDCOB controls, puberty was self-evaluated using picture charts. The boys were defined as having entered clinical puberty if their testicular volume assessed by an orchidometer was >3 ml (stage ≥ 2). The girls were defined as having entered clinical puberty if their breast development had started (stage ≥ 2). To divide children into preonset and onset/postonset groups, children with stage 1 in the Tanner scale were considered preonset and all others were considered onset/postonset. Children in the SKOT study (aged 3 years) were all considered preonset and children in the ALSPAC study (aged 17 years) were all considered onset/ postonset. The assessments have been previously described in detail for each study population [12, [21] [22] [23] [24] [25] .
Genotyping and imputation
Children in YFS, TDCOB, and SKOT were genotyped using the Illumina Infinium HumanCoreExome BeadChip (Illumina, San Diego, CA, USA). Children in STRIP were genotyped using the Illumina HumanCardio-Metabo BeadChip. Children in PANIC were genotyped using both Illumina Infinium HumanCoreExome Beadchip and Illumina Infinium Cardio-Metabo Beadchip, and the genotypes from the two arrays were combined. Children in ALSPAC were genotyped using the Illumina HumanHap550 Quad chip. In all studies, genotype imputations were performed using the 1000 Genomes European-ancestry reference panel.
To construct genetic scores, we used 53 single nucleotide polymorphisms (SNPs) previously reported to associate with an insulin resistance-related phenotype (defined as higher fasting insulin concentrations adjusted for BMI, higher triglyceride concentrations, and lower concentration of HDL cholesterol) [4] in adults, and 49 SNPs reported to associate with waist-hip ratio adjusted for BMI (WHR adjBMI ) in a genome-wide association study (GWAS) of adult population [5] . Genetic scores were calculated as the sum of insulin resistance phenotype-increasing alleles or WHRadjBMI-increasing alleles, respectively. For imputed genotypes, the genetic score construction was based on genotype dosages.
Statistical methods
All analyses were performed using R (version 3.3.1). We explored the adiposity-increasing effect of the examined genetic scores in children using the R package 'gtx' [26] to examine associations of insulin resistance-and WHR adjBMIdecreasing genetic scores with increased BMI in the largest publicly available childhood BMI GWAS meta-analysis summary data contributed by the Early Growth Genetics (EGG) Consortium and downloaded from www.eggconsortium.org [27] . Linear regression models for inverse normally transformed residuals, adjusted for age, sex, puberty, study group if needed (for SKOT and STRIP), and the first three genome-wide principal components, were used to examine the associations of the genetic score with the degree of obesity and cardiometabolic variables in each participating study population. For waist circumference, WHR, and adiponectin, we additionally adjusted the residuals for BMI. For systolic and diastolic blood pressure, we additionally adjusted the residuals for height. The effect sizes are reported in standard deviations (SD) of the inverse normally transformed traits (mean = 0, SD = 1). We also performed analyses stratified by weight status (normal weight vs. overweight/obese), puberty (preonset vs. onset/ postonset), and sex. Independent samples t-test was used to compare the differences on the effect of the genetic score for cardiometabolic variables in the stratified analyses between groups. Logistic regression models adjusted for age, sex, puberty, and the first three genome-wide principal components were used to study the association of the genetic score with a normal cardiometabolic profile among overweight and obese children and adolescents. The results from the different studies were pooled by fixed effects metaanalyses using the 'meta' package in R (version 4.6.0) [28] .
Results
Basic characteristics
Of the 7391 children and adolescents included in the six participating study populations, 2405 (33%) were prepubertal according to Tanner stage, and 1685 (23%) were overweight or obese ( Table 1 ). The mean age of the children and adolescents was 13.1 years (range 2.7-18.0 years).
Construction of the adiposity-increasing genetic score with cardiometabolically protective effects
For some genetic variants, the allele known to associate with decreased insulin resistance [4] or waist-hip ratio [5] is related to increased BMI in adult populations. However, alleles in some variants do not show a BMI-increasing effect and thus may impact insulin resistance through other mechanisms than that of subcutaneous fat expandability. Furthermore, some genetic variants exert varying effect sizes during a life span [29] . To identify the insulin resistance and WHR adjBMI associated variants that may have an adiposity increasing yet a cardiometabolically protective effect in children and adolescents, we first screened the 53 known insulin resistance-decreasing and the 49 known WHR adjBMI -decreasing variants for their effects on adult BMI in the summary data reported in the supplemental material of the respective GWAS analyses in adults [4, 5] and associated variants were then tested for their effects on childhood BMI in data from the EGG Consortium (n = 35 665) [27] .
We found that 30 of the 53 known adult insulin resistance-decreasing variants, and 38 of the 49 known adult WHR adjBMI -decreasing variants, displayed a BMI-increasing direction of effect in adults (Supplementary Tables 1-2 ). Of these, 18 insulin resistance and 23 WHR adjBMI -associated variants showed a nominally significant (P < 0.05) association with adult BMI. We constructed a score for each of these four groups of loci, i.e. including 30 or 18 insulin resistance variants and 38 or 23 WHR adjBMI variants, to test for associations with childhood BMI in the summary results of the EGG Consortium. We found that the scores comprising 18 insulin resistance-decreasing variants and 23 WHR adjBMI -decreasing variants with significant association with increased BMI in adults, exhibited more pronounced associations with BMI in children (beta = 0.007 SD/allele, SE = 0.002, P = 2.6 × 10 −5 ; and beta = 0.009 SD/allele, SE = 0.002, P = 9.7 × 10 −7 , respectively) as compared to the scores including 30 insulin sensitivity (beta = 0.006 SD/ allele, SE = 0.002, P = 0.0002) and 38 WHR adjBMI variants (beta = 0.006 SD/allele, SE = 0.001, and P = 8.1 × 10 −5 ). Finally, we constructed a combined genetic score of these 18 insulin resistance and 23 WHR adjBMI -decreasing loci. We excluded seven variants that were in linkage disequilibrium with each other (r 2 > 0.1) by excluding the variant with weaker association (higher p-value) with BMI in the summary results of EGG-Consortium data. One of the WHR adjBMI -reducing SNPs, rs7759742, was not available in all six participating studies of the present meta-analyses, however, and was therefore excluded from the final genetic score. The combined score comprising 33 independent variants displayed the strongest association with increased BMI in the EGG-Consortium data (beta = 0.009 SD/allele, SE = 0.002, P = 3.2 × 10 −9 ) and was taken forward to test for associations with adiposity and cardiometabolic profiles in a meta-analysis of the six participating cohorts.
Association of the genetic score with adiposity and cardiometabolic traits in children and adolescents
In a meta-analysis of all 7391 children and adolescents from the six participating studies, the combined score of the 33 independent insulin resistance and/or WHR adjBMI -decreasing variants was associated with a higher degree of obesity (BMI-SDS: beta = 0.009 SD/allele, SE = 0.003, P = 0.003; body fat mass: beta = 0.009 SD/allele, SE = 0.004, P = 0.031), yet it had beneficial effects on several cardiometabolic traits, including improved body fat distribution (lower WHR adjBMI : beta = −0.014 SD/allele, SE = 0.006, P = 0.016) and favorable concentrations of blood lipids (higher HDL cholesterol: beta = 0.010 SD/allele, SE = 0.003, P = 0.002; lower triglycerides: beta = −0.011 SD/allele, SE = 0.003, P = 0.001). This genetic score was also associated with higher circulating concentration of adiponectin (beta = 0.020 SD/allele, SE = 0.005, P = 3 × 10 −5 ) ( Fig. 2 , Supplementary Table 3 , Supplementary Fig. 1) . The results remained similar after excluding the SKOT cohort of 3year-old children ( Supplementary Table 4 ).
Recently, an analysis comparing the obese and population-based samples of the TDCOB study found that (7) 96 (8) Diastolic blood pressure (mmHg) 64.0 (6.2) 68 (9) 65 (8) 62 (7) 61 (9) 61 (7) 61 (7) The values are expressed as means (standard deviations)
BMI-SDS BMI standad deviation score [15] [16] [17] , GRS genetic score, IR insulin resistance, WHRadjBMI waist-hip ratio adjusted for BMI a Overweight and obesity were defined using the age-and sex-specific BMI cutoffs of the International Obesity Task Force (IOTF) criteria [18] the effects of insulin resistance variants on cardiometabolic traits may be more pronounced in overweight or obese children and adolescents [30] . To examine differences in genetic effects between overweight/obese children and normal weight children in the present meta-analyses, we performed stratified analyses. The combined score of 33 insulin resistance and/or WHR adjBMI -decreasing variants had a stronger beneficial effect on insulin concentration in the overweight/obese group than in the normal weight group (P DIFFERENCE = 0.024) ( Supplementary Tables 5-6 , Fig. 3 ), whereas no significant differences between the groups were detected for other cardiometabolic traits. Fig. 2 Linear regression analysis to test the association of the combined insulin sensitivity-increasing and WHR adjBMI -decreasing genetic score with adiposity and cardiometabolic variables in all children and adolescents as beta values (standard errors) of the inverse normally transformed traits. The results are aligned according to the insulin sensitivity-increasing/WHR adjBM -decreasing allele of the genetic score.
All analyses are adjusted for age, sex, puberty, and first three genomewide principal components. The effects were pooled using fixed effects models meta-analysis. *P-values <0.05. The numerical values for betas, standard errors, p-values, and the number of subjects are presented in Supplementary Table 3 Fig . 1 Flow chart of the study protocol When stratifying the analyses according to pubertal status, we found that the associations of the combined score with adiposity and cardiometabolic traits were consistent between prepubertal ( Supplementary Table 7 ) and pubertal/ postpubertal ( Supplementary Table 8 ) children and adolescents ( Supplementary Fig. 2 ), suggesting that genetic predisposition to increased body fat yet improved cardiometabolic profile exerts its influence already before puberty.
When comparing the effect of the combined score between girls ( Supplementary Table 9 ) and boys (Supplementary Table 10 ), no significant differences between the groups were detected ( Supplementary Fig. 3 ).
Stratified analyses in children and adolescents with the highest and lowest genetic predisposition
To quantify the impact of the genetic score in the upper and lower extremes of genetic predisposition, we compared adiposity and cardiometabolic variables in the highest and lowest 10% of children and adolescents according to the combined genetic score of insulin resistance and/or WHR adjBMI -decreasing variants. We found that children and adolescents in the highest 10% of the genetic score had 0.27 kg/m 2 higher BMI (P < 0.001), 0.10 unit higher BMI-SDS (P = 0.009), 0.01 unit lower WHR adjBMI (P = 0.035), 0.07 mmol/l lower triglycerides (p = 0.001), and 0.99 μg/ml higher adiponectin concentrations (P < 0.001) than children and adolescents in the lowest 10% of the score. There were no differences in other variables tested.
Association of the genetic score with a normal cardiometabolic profile in overweight and obese children and adolescents
Previous studies among children and adolescents have used various criteria to define "metabolically healthy obesity" [3] . We dichotomized obese children and adolescents as having either a cardiometabolically normal or unhealthy profile according to the presence of elevated glucose and triglyceride concentrations, decreased concentration of HDL cholesterol, and elevated systolic and/or diastolic blood pressure. The age-specific adolescent metabolic syndrome criteria that are linked to the health-based Adult Treatment Panel III (ATP) and International Diabetes Federation adult criteria [31] were used to define cutoffs for individuals 12 years or older, whereas criteria based on the modified ATP III MS definition [32] were applied for those aged below 12 years [33] . We used two different definitions for cardiometabolic health; one that included elevated blood pressure in its definition, and one that did not. Of the 536 obese children and adolescents participating in the TDCOB Fig. 3 Linear regression analysis to test the association of the combined insulin sensitivity-increasing and WHR adjBMI -decreasing genetic score with adiposity and cardiometabolic variables in normal weight (white column) and overweight/obese (black column) children and adolescents as beta values (standard errors) of the inverse normally transformed traits. The results are aligned according to the insulin sensitivity-increasing/WHR adjBM -decreasing allele of the genetic score. All analyses are adjusted for age, sex, puberty, and first three genomewide principal components. The effects were pooled using fixed effects models meta-analysis. *P-values <0.05. The numerical values for betas, standard errors, p-values, and the number of subjects are presented in Supplementary Tables 5-6 cases and ALSPAC studies, 36% and 24% were defined as having cardiometabolically normal profile based on a definition excluding and including blood pressure, respectively. The combined score predicted the absence of cardiometabolic impairments when blood pressure was not included the criteria (OR = 1.07 CI 95% 1.01-1.13, P = 0.012, n = 536), yet not when blood pressure was included (OR = 1.02 CI 95% 0.97-1.08, P = 0.445, n = 509). We also tested whether the combined score predicted a normal cardiometabolic profile in overweight and obese children combined. Among the 1023 children who had data available on systolic and/or diastolic blood pressure, and fasting levels of glucose, triglycerides, and HDL cholesterol, there was a significant association with a normal cardiometabolic profile when blood pressure was not included in the criteria (OR = 1.04, 95% CI 1.01-1.07, P = 0.018, n = 1081), yet not when blood pressure was included (OR = 1.02, 95% CI 0.99-1.06, P = 0.239 n = 1023).
Discussion
The results of this large meta-analysis indicate that genetic predisposition increased insulin sensitivity and relatively higher fat storage on the hip compared to the waist might lead to increased body fat yet improved cardiometabolic risk profile in children and adolescents. The associations were comparable between prepubertal and pubertal/postpubertal children and adolescents, suggesting that genetic susceptibility to cardiometabolically normal profile in obesity is expressed before puberty. The protective effect of the genetic score on insulin concentrations was more pronounced among overweight/obese children than among normal weight children, suggesting that these genetic effects might be accentuated by excess weight gain. We also showed that the genetic score predicts a cardiometabolically normal status, defined by the presence of normal glucose, triglyceride, and HDL cholesterol concentrations in overweight and obese children and adolescents.
Our findings may reflect a beneficial impact of the genetic score on the ability to store fat subcutaneously rather than viscerally or otherwise ectopically, which has been suggested to be an underlying mechanism for both insulin resistance and WHR adjBMI loci [4, 5] . Subcutaneous fat tissue is the naturally preferred place to store lipids, and when its capacity becomes saturated, the excess fat may "over spill" to non-adipose tissues [34] . The excess of lipids may then accumulate in metabolically relevant organs such as pancreatic beta cells, liver, heart, and skeletal muscle, where they may lead to lipotoxic effects.
Given that increased muscle mass has a favorable effect on cardiometabolic health, we also studied whether the association of the genetic score with increased BMI could be due to increased muscle mass. However, the genetic score showed strong association with increased body fat mass but no association with body lean mass, which suggests that the underlying genetic mechanisms are mainly related to adipose tissue [4, 5] . Aerobic fitness has a beneficial impact on cardiometabolic health, independent of body adiposity. While it remains to be examined whether the genetic score is associated with aerobic fitness, such association seems unlikely considering the adipose-related effect of this score.
Our results underline that some children and adolescents may be genetically more resistant to cardiometabolic impairments despite higher body fat. On the flipside of the same coin, children and adolescents carrying the opposite alleles, i.e. insulin resistance and WHR adjBMI -increasing alleles, may be predisposed to cardiometabolic impairments despite a leaner phenotype. Indeed, our stratified analyses indicated that children and adolescents in the lowest decile of our genetic score were leaner but displayed impaired fat distribution, elevated concentrations of triglycerides, and lower concentrations of adiponectin than children and adolescents in the highest decile. This highlights the importance of a healthy lifestyle, also among lean children and adolescents, as some of these children and adolescents might be particularly susceptible to metabolic impairments upon weight gain. Vice versa, some studies suggest that individuals with obesity yet a cardiometabolically healthy profile may not be able to significantly reduce their cardiometabolic risk with antiobesity treatment strategies [3, 35, 36] . Thus, there is a need to better understand obesity-related cardiometabolic impairments in order to improve the effectiveness of measures taken to prevent the cardiometabolic comorbidities of obesity.
In contrast to other cardiometabolic variables, we found that the adiposity-increasing genetic score we examined was not associated with beneficial effects on blood pressure. In contrast, we found an association with increased blood pressure, suggesting that biological mechanisms regulating the link between increased body fatness and elevated blood pressure may be distinct from those regulating the relationship between body fatness and other cardiometabolic risk factors. Indeed, body fatness is suggested to impact blood pressure largely through mechanical stress and chronic over activation of the sympathetic nervous system, acting independently from the pathways regulating insulin resistance and dyslipidemia [37] . We also found that the adiposity-increasing genetic score predicted the absence of cardiometabolic impairments only when blood pressure was excluded from the criteria. Thus, it may be important to consider hypertension separately from other cardiometabolic risk factors when evaluating children's need for treatment interventions.
Puberty is a time of considerable metabolic and hormonal changes and is associated with a marked decrease in insulin sensitivity [38] . It has been reported that obese adolescents do not sustain insulin sensitivity at the end of puberty [39] . Therefore, the stability of cardiometabolically normal profile among obese children in puberty has been questioned and entering puberty has been considered as a predictor for switching from "metabolically healthy" to unhealthy obese state [39] . In the present study, we found that the adiposity-increasing yet metabolically beneficial effects of the genetic score were found independent of pubertal status, suggesting that the underlying biological mechanisms may be functioning already before puberty. As the adiposity increasing yet cardiometabolically protective genetic effects may start before puberty, their impact on cardiometabolic risk during the life span may be considerable.
The development of cardiometabolic disorders depends on the duration and degree of obesity. Longitudinal studies are warranted to investigate if the genetic effects predisposing to cardiometabolically normal profile despite obesity remain stable over time and upon additional weight gain. Regardless of the protective role of these particular genetic effects on cardiometabolic risk, obesity is never a benign condition as it is associated also with an increased risk of a number of other harmful conditions, such as sleep apnea, certain cancers, and psychosocial problems [2] .
We applied genetic scores, a commonly used tool in genetic analysis [40] , to robustly estimate genetic predisposition to increased insulin sensitivity and relatively higher fat storage on the hip compared to the waist and interpreted our results assuming that the genetic loci included in the genetic scores have a unified and unidirectional effect on insulin sensitivity or WHR adjBMI , respectively, and show a unison direction of effect on adiposity. However, this may not hold true for all variants included in the genetic scores in the present study and likely, the genetic scores are resembling an average of the effect of associated and null loci that may or may not be working in the same direction across phenotypes. Therefore, the results of our association analyses do not allow us to draw conclusions about underlying biological factors but instead provide new hints to understand the genetic architecture behind the cardiometabolically normal phenotype in obese children and adolescents and hold promise for targeted treatment strategies that could diminish the cardiometabolic risks that accompany childhood overweight and obesity.
The limitations of our study include the heterogeneity between the six study cohorts in age composition, sample size, and measurement methods for blood pressure, body composition, puberty assessment, and fasting insulin. Considering that the observed differences in adiposity and cardiometabolic characteristics were rather small, even when comparing between the upper and lower extremes of the genetic predisposition, no strong conclusion about the clinical significance of this genetic score can be drawn.
Genetic predisposition to increased insulin sensitivity and relatively higher fat storage on the hip compared to the waist leads to increased adiposity yet a favorable cardiometabolic profile in children and adolescents, indicative of a genetic basis of the controversial condition sometimes called "metabolically healthy obesity". Our findings provide novel insights into the link between adiposity and its complications in children and adolescents.
